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Effects of plant species richness on stand structure and
productivity
Abstract
Aims Aboveground biomass production commonly increases with species richness in plant biodiversity
experiments. Little is known about the direct mechanisms that cause this result. We tested if by
occupying different heights and depths above and below ground, and by optimizing the vertical
distribution of leaf nitrogen, species in mixtures can contribute to increased resource uptake and, thus,
increased productivity of the community in comparison with monocultures. Methods We grew 24
grassland plant species, grouped into four nonoverlapping species pools, in monoculture and 3- and
6-species mixture in spatially heterogeneous and uniform soil nutrient conditions. Layered harvests of
above- and belowground biomass, as well as leaf nitrogen and light measurements, were taken to assess
vertical canopy and root space structure. Important Findings The distribution of leaf mass was shifted
toward greater heights and light absorption was correspondingly enhanced in mixtures. However, only
some mixtures had leaf nitrogen concentration profiles predicted to optimize whole-community carbon
gain, whereas in other mixtures species seemed to behave more 'selfish'. Nevertheless, even in these
communities, biomass production increased with species richness. The distribution of root biomass
below ground did not change from monocultures to three- and six-species mixtures and there was also
no indication that mixtures were better than monocultures at extracting heterogeneously as compared to
homogeneously distributed soil resources. We conclude that positive biodiversity effect on aboveground
biomass production cannot easily be explained by a single or few common mechanisms of differential
space use. Rather, it seems that mechanisms vary with the particular set of species combined in a
community.
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Aims 
Aboveground biomass production commonly increases with species richness in plant 
biodiversity experiments. Little is known about the direct mechanisms that cause this result. 
We tested if by occupying different heights and depths above and below ground, and by 
optimizing the vertical distribution of leaf nitrogen, species in mixtures can contribute to 
increased resource uptake and thus increased productivity of the community in comparison 
with monocultures.  
Methods 
We grew 24 grassland plant species, grouped into four non-overlapping species pools, in 
monoculture and 3- and 6-species mixture in spatially heterogeneous and uniform soil 
nutrient conditions. Layered harvests of above- and belowground biomass, as well as leaf 
nitrogen and light measurements were taken to assess vertical canopy and root space 
structure.  
Important findings 
The distribution of leaf mass was shifted towards greater heights and light absorption was 
correspondingly enhanced in mixtures. However, only some mixtures had leaf nitrogen 
concentration profiles predicted to optimize whole-community carbon gain whereas in other 
mixtures species seemed to behave more “selfish”. Nevertheless, even in these communities 
biomass production increased with species richness. The distribution of root biomass below 
ground did not change from monocultures to 3- and 6-species mixtures and there was also no 
indication that mixtures were better than monocultures at extracting heterogeneously as 
compared to homogeneously distributed soil resources. We conclude that positive biodiversity 
effect on aboveground biomass production can not easily be explained by a single or few 
common mechanisms of differential space use. Rather, it seems that mechanisms vary with 
the particular set of species combined in a community. 
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Grassland biodiversity experiments have often revealed higher aboveground biomass 
production and positive complementarity effects in mixtures (Loreau and Hector 2001; 
Roscher et al. 2005; Spehn et al. 2005; Tilman et al. 2001; van Ruijven and Berendse 2005; 
Wacker et al. 2008). Complementarity between species may arise through separation of 
resource niches, which for example can reduce competition for nutrients (Kahmen et al. 2006; 
McKane et al. 2002) or light (Anten and Hirose 1999). Spatial complementarity in resource 
use can occur if different species occupy different strata in the canopy (Anten and Hirose 
1999; Liira et al. 2002; Whittaker and Woodwell 1969) or place their roots at different soil 
depths (Berendse 1982; Dimitrakopoulos and Schmid 2004; Parrish and Bazzaz 1976; 
Whittaker and Woodwell 1969). So far, however, a direct connection between spatial 
complementarity in resource use and increased mixture yield could rarely be made in the 
analysis of results from biodiversity experiments. Where the connection could be made, the 
analysis did indicate that complementarity in above- (Keer and Zedler 2002; Lorentzen et al. 
2008; Spehn et al. 2000) or belowground (Dimitrakopoulos and Schmid 2004; Fargione and 
Tilman 2005) space use probably was responsible for observed biodiversity effects, even 
though in one study (Wardle and Peltzer 2003) complementarity in belowground space use 
was not found. 
Above ground, complementary space use may mainly involve differential vertical 
distribution among species of biomass and nitrogen allocated to leaves (Barnes et al. 1990; 
Charles-Edwards et al. 1987; Field 1983; Hollinger 1989; Schmid and Bazzaz 1994). 
Theoretically, whole-canopy photosynthesis and carbon gain are maximized if leaf mass and 
leaf nitrogen concentration are high at the top of the canopy and decrease continuously to the 
bottom (Charles-Edwards et al. 1987; Dejong and Doyle 1985; Egli and Schmid 2000; Field 
1983; Gutschick and Wiegel 1988; Hirose et al. 1989). However, this may lead to conflicts 
between individuals maximizing their own fitness, such that for an evolutionary stable 
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strategy in a plant monoculture the vertical gradient of leaf mass and nitrogen becomes more 
uniform over the height profile and thus not optimal with regard to achieving high stand 
biomass production (Egli and Schmid 1991; Falster and Westoby 2003; Schieving and 
Poorter 1999). As leaf characteristics are strongly influenced by neighbors (Anten 2005; 
Givnish 1982; Iwasa et al. 1984; Vojtech et al. 2007), the presence of interspecific neighbors 
may lead to different growth and allocation patterns of plants in mixtures as compared with 
monocultures (Thein et al. 2008; Tremmel and Bazzaz 1993; Wacker et al. 2009). Mixtures 
of species should be able to display a larger range of leaf mass and nitrogen values along the 
vertical profile, simply because among-species variation in leaf traits is added to the within-
species variation that would occur in monocultures (Dimitrakopoulos and Schmid 2004; 
Anten 2005). Due to a trade-off between plant height and leaf area, taller plants may not be 
able to grow leaves in lower parts of the canopy and exploit all of the available light (Anten 
2005). This may leave a spatial niche for shorter plants with lower respiratory costs in the 
lower layers of the canopy. The integration of several species with different growth and 
allocation patterns might thus enable mixed stands to display a regularly declining gradient of 
leaf mass and nitrogen from the top to the bottom and thus form an “integrated” canopy with 
a high carbon gain of the whole stand. Thus, interspecific differences in the allocation pattern 
and the ability of plants to show plastic responses to different neighboring species may allow 
a “division of labor” in mixtures which could explain their often observed higher biomass 
production biodiversity experiments. However, whether and under which circumstances 
mixtures of species can indeed develop such integrated canopies through complementary 
allocation of leaf mass and nitrogen along the vertical profile has never been tested 
experimentally. So far, partitioning of nitrogen and photon flux among species has only been 
observed in comparative field studies (Hirose and Werger 1994; Hirose and Werger 1995). 
Similar arguments can be developed for complementary space use below ground 
(Dimitrakopoulos and Schmid 2004). However, here it is even more difficult to study it 
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because the roots of different species can usually not be separated. Furthermore, belowground 
resources are horizontally less homogeneously distributed then incoming light and may lead 
not only to vertical but also horizontal segregation in mixtures, as suggested by von Felten 
and Schmid (2008). In a previous study we found that “statistical” complementarity effects 
among species, calculated by the additive partitioning method (Loreau and Hector 2001), 
were indeed larger in soils with horizontally heterogeneous rather than homogeneous nutrient 
distribution (Wacker et al. 2008). 
 In this study we investigated whether positive net biodiversity effects observed in 
mixtures (Wacker et al. 2008) can be explained by complementary allocation of leaf mass and 
nitrogen among species above ground our by complementary space use below ground. 
Because complementarity among species in mixtures may be particularly important to extract 
belowground resources which are horizontally heterogeneously distributed (Cardinale et al. 
2004; Silvertown 2004), we used heterogeneous and uniform soil environments in our 
experiment. 
 
Material and methods 
Experimental design 
The experiment was carried out in an experimental garden at Agroscope Reckenholz-Tänikon 
Research Station (ART) in Zurich (Switzerland). The field site had a sandy-loamy soil and 
was planted with crops in previous years. It was harrowed 3 weeks before sowing of the 
experiment on 24–25 April 2003. 
 We used 24 species grouped into four non-overlapping species pools, each containing 
the three functional groups grasses, herbs and legumes, to establish experimental plant 
communities of 1, 3 and 6 species (Table S1). The 3-species mixtures were obtained by 
randomly splitting up the six species of each pool into two complementary 3-species 
communities. Pools 1 and 2 contained early-successional species and pools 3 and 4 contained 
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mid-successional species. However, because of the low number of pools, successional stage 
was not explicitly included in the statistical analysis of data from this study. 
One replicate of each monoculture and two replicates of each mixture were grown in 
both uniform and heterogeneous soil. This resulted in a total of 96 plots of 1.5 x 2 m arranged 
in four blocks. The assignment of communities to blocks was done randomly, but with the 
restriction that the two replicates of a mixture never occurred together in a single block. The 
sowing density was adjusted for a predicted seedling density of 500 m–2, a typical value for 
herbaceous species used in grassland biodiversity experiments (see e.g. Diemer et al. 1997). 
All communities were re-sown on 1 October 2003 with the same amount of seeds as at the 
start of the experiment to establish mixed cohorts. The experimental plots were regularly 
weeded to maintain sown diversity and species composition and were completely mown after 
the harvests. 
The heterogeneous environment consisted of a checkerboard-like pattern of four 
nutrient patches (control, nitrogen addition, phosphor addition and nitrogen plus phosphor 
addition). The patch size of 0.25 x 0.25 m had been shown to lead to differential biomass 
production at patch scale in pilot experiments (Eichenberger-Glinz & Schmid, personal data). 
The four patch types occurred with the same frequency within a plot. Twice during each 
growing season the nitrogen patches received an equivalent of 8 g N m-2, the phosphorus 
patches an equivalent of 4 g P m-2, and the nitrogen plus phosphorus patches received both 
nutrients. The uniform environment was achieved by distributing the same total amount of 
nitrogen and phosphorus uniformly on the whole plot area. Thus, both environments had an 
average of 4 g N m-2 and 2 g P m-2 added twice per year. We used granular fertilizers 
(AGROline AG, Basel, Switzerland) containing ammonium saltpeter, magnesium and sulfur 
in a ratio N:Mg:S = 23:5:7 in the case of nitrogen fertilizer and phosphate, magnesium and 
sulfur in a ratio of P:Mg:S = 18:4:6 in the case of phosphorus fertilizer. 
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Measurements 
All aboveground plant material in four 0.25 x 0.25 m squares was harvested at ground level 
on 7–16 June and on 30 August–3 September 2004. The four squares formed a 0.5 x 0.5 m 
square and represented the different patch types in heterogeneous plots. The harvested 
aboveground biomass from each square was separated into species and into seven height 
layers (0–5 cm, 5–20 cm, 20–35 cm, 35–50 cm, 50–65 cm, 65–80 cm, > 80cm), which we 
further split into leaves and remaining plant parts (stems, flowers and buds), collectively 
referred to as stems (Poorter and Nagel 2000). In September 2004, we harvested roots to a 
depth of 0.25 m with split-tube samplers (ø = 47 mm, Eijkelkamp Agrisearch Equipment, 
Giesbeek, The Netherlands) in each 0.25 x 0.25 m square used for the second aboveground 
harvest. The root biomass samples were separated into six layers (0–2.5 cm, 2.5–5 cm, 5–10 
cm, 10–15 cm, 15–20 cm and 20–25 cm) before washing with a 2 mm sieve. All harvested 
above- and belowground plant material was dried at 80°C for 48 hours and weighed. For each 
layer we calculated leaf, stem and total aboveground biomass density by dividing the biomass 
of the layer through the volume of the layer (= height × 0.25 × 0.25 m). Similarly, root 
biomass density was calculated for each layer by dividing the biomass of the layer through the 
volume of the layer (= height × 3.14 × (0.047/2)2 m). In addition, we calculated the mean 
biomass height or depth G at the community level for monocultures and mixtures as the mean 
of the vertical biomass distribution with the following formula: 
G = hi * (mi /wi)
mi /wi( )
1
i∑1
i∑ , 160 
161 
162 
163 
164 
165 
where i is the number of layers, mi is the biomass per layer i, wi is the width of the layer i and 
hi is the mean height or depth of the layer i from the ground (similar to Spehn et al. (2000), 
but corrected for the different layer widths). 
 To obtain leaf nitrogen concentrations, leaf samples from the four treatment patches 
per plot were pooled for each layer to one sample. These pooled samples were individually 
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ground to powder (Mixer Mills MM200 and MM301 or Ultra Centrifugal Mill ZM1000, 
Retsch, Haan, Germany) and filled into small Eppendorf tubes from which an aliquot of about 
2 mg was taken and weighed into a small silver capsule to be analyzed in the CHN-Analyzer 
(CHNS-932, Leco, St. Joseph, USA). Leaf nitrogen density was then calculated by 
multiplying leaf nitrogen concentration with the species leaf biomass density. 
 The leaf area index (LAI) was measured with a fisheye LAI analyzer (LAI-2000 Plant 
canopy analyzer, LI-COR, Lincoln, USA) before the harvests in June and August 2004. For 
each measurement, one above-canopy and three below-canopy measurements at height 0 cm 
were made. The fisheye was partly covered with a 270° black cap, to exclude influence of the 
person doing the measurements and take the small plot size into account. Light intensity in 
the canopy was also measured prior to the harvests in June and August with a beam fraction 
sensor (Sun Scan Canopy analyzer, Delta-T Devices, Cambridge, UK) at fixed position at 
heights 0, 20, 40, 60 cm and above the canopy. In June, light was measured in all plots of 
pools 1, 2 and 4, but could not be measured in plots of pool 3, as the canopies had been 
disturbed for a N15-labeling treatment in the soil. In August, light measurements were done in 
all plots. All measures of light intensity were expressed as percentage values of the light 
intensity measured above the canopy for each particular plot at a particular date. Therefore, 
we refer to this variable as relative light intensity in the following sections. 
 
Statistical analysis 
Above- and belowground biomass, light and nitrogen concentration of the leaves were 
analyzed with general linear models and summarized in ANOVA tables with sequential sums 
of squares (Schmid et al. 2002). The analyses were done at plot level for entire plant stands 
(also referred to as community level) and at the level of individual species within plots. In the 
case of monocultures, the two levels coincide. To meet the assumptions of the analysis, light 
was transformed with the natural logarithm. Within the general linear regression models, the 
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diversity term was partitioned into a linear contrast and deviation from linearity. The height 
term was fitted as a 2nd-degree polynomial with a linear and quadratic contrast and deviation. 
The quadratic term was kept in the model for the analysis of biomass, but was dropped for the 
analysis of nitrogen concentration and light. The term environmental heterogeneity and its 
interactions with other terms were pooled with the plot term if they were not significant (p > 
0.05). According to the experimental design, the different treatment terms were tested against 
appropriate error terms as indicated in the tables (Schmid et al. 2002). All analyses and 
calculations were performed with the statistical software R (R Development Core Team 
2006). 
 
Results 
Light and LAI measurements 
Relative light intensity in monocultures and mixtures decreased more or less exponentially 
from the top to the bottom of canopies prior to the harvests in June and August (strong linear 
contrast of height in Table 1). The decrease in relative light intensity was strongest in 6-
species mixtures and weakest in monocultures (height × diversity interaction and linear × 
linear contrast in Table 1), indicating that mixtures intercepted more light than monocultures. 
 Before the first harvest, the LAI was not affected by species richness. Three months 
later, before the second harvest, the LAI increased from monocultures with 3.92 ± 0.27 to 3-
species mixtures with 4.64 ± 0.32 to 6-species mixtures with 5.47 ± 0.33 (F1,18 = 4.48, p = 
0.048), indicating that the increased light interception with increasing species richness was 
due an increase in community leaf area. 
 
Aboveground canopy structure  
We found a significant positive relationship between species richness and aboveground 
biomass (F2,30 = 7.64, p = 0.028) at community level. This was mainly due to the large 
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difference between monocultures and mixtures (monoculture/mixture contrast F1,30 = 8.05, p 
= 0.008). In all communities, aboveground biomass density (sum of both harvests) decreased 
continuously towards the top of the canopy (contrast of height F1,60 = 930.32, p < 0.001), but 
did not significantly vary with species richness. 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
 In contrast to total aboveground biomass density, the vertical distribution of leaf 
biomass density (sum of both harvests) was affected by species richness (height quadratic × 
diversity linear interaction: F1,30 = 6.18, p = 0.019). Whereas leaf biomass density decreased 
continuously with height in monocultures, it peaked at intermediate heights in 6-species 
mixtures (Fig. 1). In 3-species mixtures an intermediate vertical profile of leaf biomass was 
observed. Thus, the distribution of leaf mass was shifted towards greater heights with 
increasing species richness. In contrast to leaf biomass density, stem biomass density always 
decreased with increasing height (“height linear”: F1,60 = 694.50, p = < 0.001; Fig. 2). Neither 
leaf nor stem biomass density profiles were altered by environmental heterogeneity, nor did 
they vary between different nutrient patches in the heterogeneous environment (see Figs. 1, 
2). 
  The vertical profiles of leaf and stem biomass densities varied among different species 
(Fig. 3 and Fig. S1). Some species had similar profiles in mixture and monoculture (e.g. 
Arctium tomentosum in Pool 2, Berteroa incana in Pool 1, Taraxacum officinale in Pool 3, 
Trifolium repens in Pool 4) and others did not (e.g. Arrhenatherum elatius in Pool 3, 
Centaurea cyanus in Pool 2, Conyza canadensis in Pool 1, Tragopogon pratensis in Pool 4). 
In the latter case, biomass profiles were more vertically oriented in mixtures for 
Arrhenatherum elatius, Centaurea cyanus, Conyza canadensis, indicating that these species, 
in response to interspecific competition, could place relatively more biomass higher up in the 
canopy. 
 The mean height of aboveground biomass (sum of both harvests) measured for 
individual species was significantly lower in heterogeneous (22.0 ± 0.5 cm) than in uniform 
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(24 ± 0.6 cm) plots and strongly differed among species (Table 2). Furthermore, in 
heterogeneous environment, mean biomass height of individual species was higher in patches 
with added nitrogen (22.70 ± 0.76 cm) than in patches without added nitrogen (21.26 ± 0.75 
cm; significant nutrient term in Table 2). Finally, there was significant variation among 
species in their response to species richness and environmental heterogeneity (significant 
“diversity × species and environment × species” interactions in Table 2). 
  
Nitrogen concentration in the canopy 
Leaf nitrogen concentration increased more or less linearly with height (strong linear contrast 
of height in Table 3). The vertical nitrogen profiles of the experimental communities were not 
affected by species richness (diversity and height × diversity interaction not significant in 
Table 3), but differences between communities were large (community and height × 
community interaction in Table 3). That is, in some cases mixtures (or monocultures) showed 
a more steadily declining leaf nitrogen concentration from the top to the bottom of the canopy 
which we called an “integrated” canopy, but in other cases the profiles were more “ragged” or 
non-declining, i.e. uniform. Legumes had the highest leaf nitrogen concentration (contrast 
legumes vs. non-legumes: F1,12 = 28.38, p < 0.001), but no further variation was observed 
between species within functional groups (Fig. 3). If legumes were present in a mixture, the 
nitrogen concentration in grasses and herbs was increased, from 1.595 % to 2.243 % in the 
grasses and from 2.173 % to 2.550 % in the herbs (contrast for legume presence vs. absence: 
F1,13 = 35.01, p < 0.001). Generally, the nitrogen concentration in grasses and herbs was 
higher in mixtures than in monocultures, whereas in the legumes it was the other way round 
(Fig. 4; monoculture vs. mixtures × legumes vs. non-legumes: F1,16 = 5.29, p = 0.035). This 
suggests that in mixtures grasses and herbs benefited from the presence of legumes. 
 Leaf nitrogen density in the canopy showed a hump-shaped distribution at all diversity 
levels (quadratic contrast for height in Table 4). The vertical profiles of leaf nitrogen density 
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were significantly affected by species richness, with the maximum being found at a higher 
position in stands of higher species richness than in monocultures (height quadratic × 
diversity linear interaction in Table 4). 
 
Root space structure 
Root biomass at community level was not affected by species richness or environmental 
heterogeneity. Root biomass density decreased continuously with depth (contrast of depth 
F1,54 = 81.22, p < 0.001) and varied strongly among communities (F21,20 = 4.34, p < 0.001). It 
was significantly larger (F1,241 = 6.80, p = 0.010) in patches without than in patches with 
nitrogen addition (5.69 ± 0.30 > 4.91 ± 0.25 cm), indicating an increased foraging activity for 
scarce nutrients. 
 
Discussion 
The aim of this study was to test if spatial complementarity among species could be 
responsible for the increased aboveground biomass productivity of mixtures generally found 
in biodiversity experiments. The better light interception due to an upwards shift of leaf 
biomass provided some evidence that aboveground space use was indeed increased in 
mixtures compared with monocultures. Leaf nitrogen concentrations regularly declined from 
the top to the bottom of the canopy (“integrated” canopy as predicted by optimality theory of 
canopy photosynthesis, see Egli and Schmid 1991; Egli and Schmid 2000; Gutschick and 
Wiegel 1988; Hirose et al. 1989; Schieving and Poorter 1999) equally often in mixtures and 
monocultures, suggesting that mixtures were neither better nor worse in distributing nitrogen 
among the different canopy layers (and species) than were monocultures. However, because 
of the upwards shift of leaf biomass, total leaf nitrogen was also shifted upwards in the 
canopy with increasing species richness. In contrast to these indications for a “division of 
labor” in aboveground resource use among species in mixtures, and despite the use of a 
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heterogeneous soil environment, we found no evidence for different belowground vertical 
profiles of root biomass in mixtures compared with monocultures. 
  
Light use and aboveground canopy structure 
Yachi and Loreau ( 2007) developed a model and Vojtech et al. (2007) provided empirical 
evidence demonstrating that under certain circumstances differences among species in light 
use can lead to complementarity and positive biodiversity effects. In the present study we 
found that although light generally declined exponentially from the top to the bottom of the 
canopy in both mixtures and monocultures, this decline did increase with species richness. 
That is, in mixed stands light extinction was not less homogeneous than in monocultures, but 
the span of the light extinction gradient was larger than in monocultures. This effect was 
probably due to an increasing LAI with increasing species richness (Keer and Zedler 2002; 
Spehn et al. 2000), even though this effect was less strong, presumably due to larger 
measurement error for LAI than for light. The increased LAI in mixtures suggests that species 
used at least somewhat different spatial niches to deploy their leaves. In addition, differences 
between the two harvests indicated that species also had partly different temporal niches for 
leaf deployment, for example C-4 grasses could profit at the second harvest from unoccupied 
space vacated by other species that did not grow back after the first harvest. Spatial and 
temporal division of labor in leaf deployment may thus be one explanation for the observed 
positive biodiversity effects on biomass production. 
 Mean biomass height was similar across the species richness gradient. This differs 
from results by Spehn et al. (2002), who found an increase in mean biomass height with 
species richness, and interpreted this as improved use of aboveground space by more diverse 
communities. However, biomass height combined a large stem with a small leaf biomass, 
with the latter mainly being responsible for carbon gain. Indeed, if we analyzed the two 
components separately, we did find positive effects of species richness on the vertical 
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distribution of leaf biomass density: in mixtures, maximum leaf biomass density was found at 
a higher canopy position than in monocultures (see Fig. 1). The distribution of stem biomass 
density, which presumably is less relevant for whole-canopy carbon gain, showed no such 
response. Plant stems have to procure static stability; they may even be less exposed to 
bending stress in a background of other species than in monoculture (Schmid and Bazzaz 
1994). Because of these different responses to species richness of vertical profiles of stem 
versus leaf biomass densities, diversity effects on mean biomass height in our experiment 
were difficult to detect. Nevertheless, the variation in mean biomass height of individual 
species between nutrient patches in heterogeneous soil environment suggested that species 
were able to adjust their vertical distribution of total aboveground biomass. 
Monsi and Saeki (1953) studied the vertical distribution of leaf and stem biomass in 
natural plant communities; their Miscanthus sinensis–Sasa nipponica and Phragmites–
Sanguisorba associations showed similar spatial niche separation as we found it in our 
experimental communities. Anten and Hirose (1999) observed in a tall-grass meadow, that 
different species exhibited different biomass allocation patterns by using different layers in 
the canopy. In mixtures, the short species or weak competitors for light would thus be 
expected to shift leaf biomass allocation to the lower parts of the canopy, since the taller 
plants can not grow leaves there, because of the trade-off between plant height and leaf area 
(Anten 2005). In our study, indications for such shifts were found in some species (see e.g. 
Arrhenatherum elatius, Galium mollugo, Leucanthemum vulgare and Taraxacum officinale in 
Fig. 3 and Trifolium repens in Fig. S1). Hence, in some mixtures, where spatial niche 
separation of leaf biomass allocation between species was relatively large, we also observed 
an increased total aboveground biomass productivity compared with monocultures. For 
example in mixtures of pool 1, where aboveground biomass productivity was always higher 
than in monocultures, leaf biomass density distribution among species showed spatial niche 
separation. However, this complementarity distribution of leaf biomass density between 
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species did not increase in the mixtures; it was already present across the monocultures (see 
Fig. S1). Nevertheless, our findings do support the assumption that biodiversity effects may 
be caused by spatial complementarity in the canopy. 
 
Vertical nitrogen concentration profiles 
We not only wanted to test whether space use in mixtures was optimized by differential 
allocation among species of leaf area and biomass along the vertical canopy, but also whether 
mixed canopies would be able to produce a “community-wide” optimized vertical profile of 
leaf nitrogen concentration. Observed nitrogen profiles in plant stands are often more uniform 
than profiles calculated to optimize canopy photosynthesis and carbon gain (Schieving et al. 
1992). If individuals and species could “cooperate” to optimize whole-community carbon 
gain, the vertical profile of leaf nitrogen concentration should regularly decline from the top 
to the bottom of the canopy with a large negative slope (Egli and Schmid 1991). We called 
this an “integrated” canopy in contrast to a canopy where each individual or species would 
have a different profile, resulting in a ragged or uniform, non-declining profile of the whole 
community. In our experiment, vertical profiles of leaf nitrogen concentrations varied 
strongly among different communities with particular species compositions, such that no 
consistent effects of species richness could be detected. Inspections of nitrogen profiles 
plotted for all communities suggested that their potential to develop integrated canopies 
depended on whether species had complementary nitrogen profiles already in monocultures 
(e.g. combining a short with a tall herb) or whether they were able to plastically adjust their 
nitrogen profiles in mixtures in a complementary way. Seven out of twelve mixtures were not 
able to develop integrated canopies, e.g. because a low-growing legume did not transfer 
sufficient nitrogen to taller-growing non-legume neighbors. However, even these mixtures 
had often higher biomass production than their constituent monocultures. This indicates that 
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leaf-nitrogen profiles optimized for high carbon gain are at best one of several ways by which 
mixtures can achieve complementary use of aboveground resources. 
 In several of our monocultures and mixtures the vertical profile of leaf nitrogen 
concentration was rather uniform. Anten et al. (1995) observed a less uniform nitrogen 
distribution across the canopy in dicotyledonous compared with monocotyledonous species. 
This difference might be due to generally more vertically inclined leaves in the canopy of 
monocotyledonous species (Monsi and Saeki 1953). In our experiment, with a much larger 
range of species, we found no such difference in the slope of the nitrogen distribution between 
monocotyledonous species (grasses) and dicotyledonous species (herbs and legumes). Such 
differences between studies of vertical distribution of leaf nitrogen concentration may also be 
due to the stage at which a stand was analyzed. Thus, Hirose et al. (1989) observed that 
nitrogen distribution in the canopy of a Carex acutiformis stand became less uniform over the 
course of the growing period. On the other hand, the most detailed time series of vertical 
nitrogen distribution, obtained from Solidago altissima (Egli and Schmid 2000), demonstrated 
that this dicotyledonous species maintains the slope of leaf nitrogen distribution throughout 
stand development. 
 Mean leaf nitrogen concentration was increased in grasses and herbs by the presence 
of legumes in a community (see Fig. 4), and such facilitative effects of legumes on other 
functional groups have already been reported earlier (Mulder et al. 2002; Spehn et al. 2002; 
Temperton et al. 2007). As a consequence of the increased nitrogen concentration of grasses 
and herbs in mixtures, the leaf nitrogen concentration in legumes decreased from 
monocultures to mixtures, except for Trifolium repens, where it remained constant (see Fig. 
3). The redistribution of nitrogen from legumes to grasses and herbs in mixtures demonstrates 
that mechanisms to optimize nitrogen distribution in mixtures (against potentially “selfish” 
individuals or species) do exist. Yet we cannot be sure if in mixtures nitrogen fixed by 
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legumes was transported to grasses and herbs (Temperton et al. 2007) or if legumes took up 
less nitrogen from the soil, leaving more to the other functional groups. 
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Belowground biomass profiles 
In contrast to the effects of species richness on light use and aboveground canopy structure, 
we found no differences between mixtures and monocultures in the distribution of 
belowground biomass or the mean biomass depth, supporting findings from Wardle and 
Peltzer (2003) and Spehn et al. (2005). The non-significant interactions of the linear and 
quadratic contrasts of depth and species identity in monoculture on belowground biomass 
density suggest that root placement of the different species in the soil did not vary enough to 
allow for complementary use of belowground space among species in mixture, at least in the 
uppermost 25 cm of the soil horizon analyzed here. Complementary use of rooting space 
between different species grown in mixture was observed in a study by Berendse (1982), 
where Anthoxanthum odoratum and Plantago lanceolata had similar root profiles in 
monoculture, but not in mixture. However, this author later questioned this interpretation 
derived from increased plant yield in mixture (Berendse 1983). An earlier study of Parrish 
and Bazzaz (1976) suggested spatial niche separation in the use of belowground space in 
experimental old-field communities, but again these authors did not directly disentangle the 
root profiles of the different species in mixture. Finally, von Felten and Schmid (2008) did 
find evidence for horizontal but not for vertical complementarity among species in 
belowground space use. Because we could not separate the roots of the individual species in 
the mixtures in our experiment, we cannot completely rule out the possibility that vertical or 
horizontal distributions of belowground biomass among species were more different in 
mixtures than in monocultures.  
 
No effects of soil heterogeneity 
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The soil heterogeneity treatment had no effect on above- and belowground productivity, the 
canopy structure or the nitrogen distribution. Although the individual species responded 
differently to the nutrient treatments by changing their mean biomass height at the patch 
scale, these small-scale changes were cancelled out at plot level. Furthermore, plant species in 
the uniform soil treatment might also have been subject to a certain level of small-scale 
heterogeneity, due to microclimatic differences created by different neighboring species 
(Anten 2005; Schmid and Bazzaz 1994). 
 
Conclusion 
In conclusion, we found evidence that spatial niche separation can increase productivity in 
mixtures but that this effect varied considerably among communities with particular species 
combinations. In some mixed communities, individual species invest in increased height 
growth compared with monocultures, an effect also observed in biodiversity experiments in 
Jena, Germany (Thein et al. 2008; Roscher et al., personal data). This suggests that species in 
mixed stands may often be less “altruistic” in respect to the partitioning of resources than 
would be optimal for a high carbon gain of the whole stand. Yet, from an evolutionary 
perspective, it is not surprising that every genetically distinct individual and even more so 
every species will evolve towards maximizing its own success relative to its neighbors, even 
if it is at the cost of reduced efficiency and overall reduced stand productivity (King 1990). 
Thus, the patterns of biomass and nitrogen distribution among the different species in several 
of our mixtures rather support earlier findings (Anten 2005) that plants often exhibit non-
optimal behavior for community productivity in the vicinity of neighbors. In those mixtures in 
which spatial niche separation of leaf biomass or optimized community-wide nitrogen profiles 
occurred, the species generally showed the corresponding differences already in monoculture. 
These mixtures, but also other mixtures, did show positive biodiversity effect in terms of 
biomass production. Thus, it is conceivable that high-performance mixtures could be 
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constructed by deliberate selection of species with complementary patterns of aboveground 
resource use in monoculture. 
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Figure 1. Vertical distribution of leaf biomass density. Pooled data of both harvests are shown 
for heterogeneous (A, C, E) and uniform (B, D, F) environment and treatment patches for 
monocultures (A, B), 3-species (C, D) and 6-species mixtures (E, F). Open circles = control, 
upwards triangles = P, downwards triangles = N, diamonds = N+P, filled quadrats = uniform soil 
environment with average level of nutrients N and P. Note that in uniform plots harvests were 
also taken from four patches but because they all had the same nutrient level they are not joined 
by lines (see Material and Methods).  
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Figure 2. Vertical distribution of stem biomass density. Pooled data of both harvests are shown 
for heterogeneous (A, C, E) and uniform (B, D, F) environment and treatment patches for 
monocultures (A, B), 3-species (C, D) and 6-species mixtures (E, F). Open circles = control, 
upwards triangles = P, downwards triangles = N, diamonds = N+P, filled quadrats = uniform soil 
environment with average level of nutrients N and P. Note that in uniform plots harvests were 
also taken from four patches but because they all had the same nutrient level they are not joined 
by lines (see Material and Methods).  
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Figure 3. Leaf biomass and nitrogen concentration for each species of pool 3 in monoculture and 
mixtures. Vertical profiles of leaf biomass density (steps) and nitrogen concentration (dots) of 
each species of pool 3 in monoculture and in 3-species and 6-species mixtures. Data from June 
harvest; heterogeneous and uniform soil environments are pooled. The 6 species are arranged in 
rows such that the first and second three species formed the two different 3-species mixtures.  
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Figure 4. Mean nitrogen concentration of each species in monoculture and mixture. Different 
symbols for 3-species mixtures (open), 6-species mixtures (closed) and for the grasses (circles), 
herbs (squares) and legumes (triangles). Dashed line represents 1:1 diagonal. 
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Table 1. Analysis of variance of relative light intensity along the height profile of stands. Light 
was measured at different heights in the canopy prior to the harvest in June and August 2004 and 
expressed as percentage of the light intensity measured above the canopy. Data were transformed 
with the natural logarithm to meet assumptions of the analysis. Indented lines (in italics) 
represent contrasts for non-indented terms immediately above them. df: degree of freedom; MS: 
mean square; F: variance ratio; p: error probability (p < 0.05 in bold). 
1 
2 
3 
4 
5 
6 
    June 2004  August 2004   
Line Source of variation df MS F p  df MS F p Error term 
1 Block 3 2.22 1.40 0.261  3 0.35 0.97 0.415 12 
2 Height 4 112.99 376.63 <0.001  5 39.59 347.29 <0.001 13 
3    Height linear 1 444.77 823.65 <0.001  1 154.40 935.76 <0.001 14 
4 Pool 2 5.52 0.63 0.549  3 3.76 1.05 0.392 9 
5 Height x Pool 8 4.62 6.00 <0.001  15 1.19 4.15 <0.001 10 
6 Diversity 2 16.12 1.83 0.195  2 3.93 1.10 0.354 9 
7 Height x Diversity 8 3.33 4.32 <0.001  10 1.09 3.81 <0.001 10 
8    Height linear x Diversity linear 1 16.36 10.49 0.004  1 7.62 14.68 <0.001 11 
9 Community 19 7.20 4.53 <0.001  26 3.09 8.46 <0.001 12 
10 Height x Community 65 0.77 2.57 <0.001  73 0.29 2.51 <0.001 13 
11    Height linear x Community 19 1.56 2.89 0.003  26 0.52 3.15 <0.001 14 
12 Plot 34 1.59 8.83 <0.001  48 0.37 4.24 <0.001 15 
13 Height x Plot 116 0.30 1.67 <0.001  142 0.11 1.22 0.151 15 
14    Height linear x Plot 37 0.54 3.00 <0.001  51 0.17 1.92 0.003 15 
15 Residuals 79 0.18     91 0.09       
7  
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Table 2. Analysis of variance of mean aboveground biomass height. Analysis for individual 
species with sub-model for nutrient treatments within heterogeneous plots (indented terms). Data 
of both harvests are pooled. df: degree of freedom; MS: mean square; F: variance ratio; p: error 
probability (p < 0.05 are bold). 
1 
2 
3 
4 
Line Source of variation df MS F p Error term 
1 Block 3 252 2.33 0.103 9 
2 Pool 3 417 0.63 0.603 4 
3 Diversity 2 637 0.96 0.395 4 
4 Community 30 664 6.15 <0.001 9 
5 Environmental heterogeneity 1 833 4.93 0.034 8 
6 Pool x Environmental heterogeneity 3 193 1.14 0.348 8 
7 Diversity x Environmental heterogeneity 2 368 2.18 0.131 8 
8 Community x Environmental heterogeneity 30 169 1.56 0.145 9 
9 Plot 21 108 4.00 <0.001 17 
10    Nutrient treatment 3 74 2.74 0.043 17 
11    Pool x Nutrient treatment 9 22 0.81 0.603 17 
12    Diversity x Nutrient treatment 6 17 0.63 0.707 17 
13 Species 20 2126 78.74 <0.001 17 
14 Diversity x Species 15 150 5.56 <0.001 17 
15 Environmental heterogeneity x Species 19 107 3.96 <0.001 17 
16    Nutrient treatment x Species 60 29 1.07 0.335 17 
17 Residuals 573 27       
5  
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Table 3. Analysis of variance of leaf nitrogen concentration. Leaf nitrogen concentration (%) 
was measured along the height profile of stands (June harvest). Indented lines (in italics) 
represent contrasts for non-indented terms immediately above them. df: degree of freedom; MS: 
mean square; F: variance ratio; p: error probability (p < 0.05 are bold). 
Line Source of variation df MS F p Error term 
1 Block 3 3.34 7.77 <0.001 12 
2 Height 6 12.90 140.20 <0.001 13 
3    Height linear 1 72.96 372.26 <0.001 14 
4 Pool 3 36.14 3.49 0.028 9 
5 Height x Pool 18 3.42 18.11 <0.001 10 
6    Height linear x Pool 3 19.27 31.13 <0.001 11 
7 Diversity 2 1.21 0.12 0.891 9 
8 Height x Diversity 12 0.21 1.08 0.377 10 
9 Community 30 10.37 24.17 <0.001 12 
10 Height x Community 148 0.19 2.05 <0.001 13 
11    Height linear x Community 30 0.62 3.16 <0.001 14 
12 Plot 56 0.43 6.50 <0.001 15 
13 Height x Plot 295 0.09 1.29 0.022 15 
14    Height linear x Plot 59 0.20 2.97 <0.001 15 
15 Residuals 236 0.07    
5  
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Table 4. Analysis of variance of leaf nitrogen density. Leaf nitrogen density was measured along 
the height profile of stands (June harvest). Indented lines (in italics) represent contrasts for non-
indented terms immediately above them. df: degree of freedom; MS: mean square; F: variance 
ratio; p: error probability (p < 0.05 are bold). 
Line Source of variation df MS F p Error term 
1 Block 3 18.0 1.16 0.333 15 
2 Height 6 234.5 24.18 <0.001 16 
3    Height linear 1 49.4 2.90 0.094 17 
4    Height quadratic 1 1091.5 49.01 <0.001 18 
5 Pool 3 310.1 4.62 0.009 11 
6 Height x Pool 18 144.5 5.76 <0.001 12 
7 Diversity 2 89.9 1.34 0.277 11 
8 Height x Diversity 12 43.3 1.73 0.067 12 
9    Height linear x Diversity linear 1 52.4 0.95 0.339 13 
10    Height quadratic x Diversity linear 1 342.2 9.84 0.004 14 
11 Community 30 67.1 1.37 <0.001 15 
12 Height x Community 148 25.1 2.59 <0.001 16 
13    Height linear x Community 30 55.4 3.26 <0.001 17 
14    Height quadratic x Community 28 34.8 1.56 0.078 18 
15 Plot 56 15.5 4.46 <0.001 19 
16 Height x Plot 295 9.7 2.77 <0.001 19 
17    Height linear x Plot 59 17.0 4.90 <0.001 19 
18    Height quadratic x Plot 56 22.3 6.42 <0.001 19 
19 Residuals 180 3.5   
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Table S1. Species composition of the four non-overlapping pools. All species were grown in 
monocultures and 6-species mixtures as well as in non-overlapping 3-species mixtures (g = 
grasses, l = legumes, h = herbs). Nomenclature follows Lauber & Wagner [1]. 
Pool 6-species mixtures   3-species mixtures
Poa annua (g)    X 
Setaria glauca (g)  X   
Melilotus albus (l)    X 
Berteroa incana (h)  X   
Conyza canadensis (h)  X   
1 
Lactuca serriola (h)    X 
      
Setaria viridis (g)  X   
Bromus secalinus (g)  X   
Trifolium campestre (l)    X 
Senecio vernalis (h)    X 
Centaurea cyanus (h)    X 
2 
Arctium tomentosum (h)  X   
      
Arrhenatherum elatius (g)  X   
Festuca rubra comm. (g)  X   
Trifolium pratense (l)  X   
Galium mollugo (h)    X 
Leucanthemum vulgare (h)    X 
3 
Taraxacum officinale (h)    X 
      
Holcus lanatus (g)    X 
Trisetum flavescens (g)  X   
Trifolium repens (l)  X   
Lychnis flos-cuculi (h)  X   
Silene nutans (h)    X 
4 
Tragopogon pratensis (h)      X 
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Figure S1. Leaf biomass and nitrogen concentration of species in monoculture and mixtures 
(pools 1, 2, 4). Vertical profiles of leaf biomass density (steps) and nitrogen concentration (dots) 
of each species of pool 1, 2, and 4 (species of pool 3 are depicted in Fig. 3 of the main text) in 
monoculture and in 3-species and 6-species mixtures. Data from June harvest; heterogeneous 
and uniform soil environments are pooled. The 6 species are arranged in rows such that the first 
and second three species formed the two different 3-species mixtures. Note that three species in 
pool 1 and two species in pool 2 did not occur in the harvested area of some mixtures. 
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